RNA polymerase (RNAP) loses activity during transcription as it stalls at various inactive states due to erratic translocation. Reactivation of these stalled RNAPs is essential for efficient RNA synthesis. Here we report a 4.7-Å resolution crystal structure of the Escherichia coli RNAP core enzyme in complex with ATPase RapA that is involved in reactivating stalled RNAPs. The structure reveals that RapA binds at the RNA exit channel of the RNAP and makes the channel unable to accommodate the formation of an RNA hairpin. The orientation of RapA on the RNAP core complex suggests that RapA uses its ATPase activity to propel backward translocation of RNAP along the DNA template in an elongation complex. This structure provides insights into the reactivation of stalled RNA polymerases and helps support ATP-driven backward translocation as a general mechanism for transcriptional regulation.
RNA polymerase (RNAP) loses activity during transcription as it stalls at various inactive states due to erratic translocation. Reactivation of these stalled RNAPs is essential for efficient RNA synthesis. Here we report a 4.7-Å resolution crystal structure of the Escherichia coli RNAP core enzyme in complex with ATPase RapA that is involved in reactivating stalled RNAPs. The structure reveals that RapA binds at the RNA exit channel of the RNAP and makes the channel unable to accommodate the formation of an RNA hairpin. The orientation of RapA on the RNAP core complex suggests that RapA uses its ATPase activity to propel backward translocation of RNAP along the DNA template in an elongation complex. This structure provides insights into the reactivation of stalled RNA polymerases and helps support ATP-driven backward translocation as a general mechanism for transcriptional regulation. (1, 2) . This forward translocation removes the transcript from the RNAP active site, which allows the binding of the next NTP. Although details about the translocation mechanism are still under debate, it is known that RNAP makes frequent pauses during the repetitive nucleotide additions (3) (4) (5) (6) . Some of the initial pauses rearrange to longer-lived pausing states involving hyperforward translocation (hypertranslocation) or backward translocation (backtranslocation) (backtracking) and lead to an arrest of RNA synthesis. Hypertranslocation, which is promoted by nascent RNA hairpin formation or ATPases, has been suggested as a general mechanism for transcription termination (7, 8) , whereas backtracking, albeit a mechanism for transcriptional proofreading (9) , is a major cause of transcriptional inactivation (10) . Assisted backtracking has only been suggested recently for RNAPs that are blocked by DNA damage (11) .
RapA is an abundant RNAP-associated protein of 110-kDa molecular weight with ATPase activity (12) . It forms a stable complex with the RNAP core enzyme, but not with the holoenzyme (13, 14) . The ATPase activity of RapA increases upon its binding to RNAP (12) . It has been shown that RapA reactivates stalled RNAPs and stimulates RNA synthesis in vitro (13, 15) . We have determined the crystal structure of RapA in complex with the Escherichia coli RNAP core at 4.7-Å resolution. The orientation of RapA relative to RNAP in our complex suggests that RapA reactivates RNAPs through an ATP-driven backtranslocation mechanism.
Results and Discussion
Overall Structure of RNAP Core in Complex with RapA. The complex of RapA bound to RNAP core was crystallized in the presence of a DNA-RNA hybrid (Fig. 1, Fig. S1 , and Table 1 ). There are two copies of the complex per asymmetric unit with one RapA molecule associated with each RNAP core. The DNA-RNA hybrid contains a 9-bp perfect duplex and has its RNA 3′ end positioned in the posttranslocation position in the active site channel. It appears that this hybrid is essential for the crystallization of this complex, possibly because it stabilizes the RNAP core in a closed conformation similar to that of an elongation complex (16) .
RapA is a putative double-stranded DNA (dsDNA) translocase of the Swi2/Snf2 protein family, whose members have been found to mobilize various nucleic acid-protein complexes (17, 18) . A previous study showed that RapA consists of an N-terminal domain (NTD), an ATPase core, a spacer domain, and a C-terminal domain (CTD) ( Fig. 2A and Fig. S2 ) (13) . The ATPase core of RapA contains four structural domains: RecA-like 1A and 2A domains that are conserved for many ATP-dependent nucleic acid-processing enzymes, and enzyme-specific Swi2/Snf2 domains 1B and 2B. 1A and 1B domains of RapA form one lobe of the ATPase core, whereas 2A and 2B domains form the other. The ATPase active site lies at the interface between the two lobes. The CTD and the spacer domain of RapA are tightly associated with the 1A/1B lobe, whereas the NTD, which consists of two antiparallel β-strand folds, connects to the 1A/1B lobe via a flexible linker.
Whereas RapA adopts essentially the same conformation in this complex as that observed previously in the free form, the association of RapA with RNAP causes a large displacement of its β-flap tip, which is a short alpha helix that lies at the exit of the RNA channel (Fig. 2B ). This flap tip helix (FTH) is connected to the rest of the flap domain via flexible linkers and is the binding site of the CTD of the σ-factor in an RNAP holoenzyme (19) (20) (21) . The binding site of RapA overlaps with that of the σ-CTD, which explains why RapA binds only to the RNAP core enzyme, but not to the holoenzyme.
RapA Modifies the RNA Exit Channel. In this complex, RapA binds at the exit of the RNA channel of the RNAP core and makes
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Transcription is the first and most regulated step of gene expression. During transcription, RNA polymerase (RNAP) translocates along DNA while processively synthesizing RNA molecules hundreds of nucleotides long. Excessive translocation in either direction halts RNA synthesis. Here, we present a structure of the Escherichia coli RNA polymerase in complex with ATPase RapA, a large DNA translocase that is involved in transcriptional reactivation. The structural insights gained from this study suggest an alternative mechanism for transcription regulation in which backward translocation (backtranslocation) might be promoted by a DNA translocase and also lead us to propose a model for how RapA reactivates RNA polymerases and stimulates transcription. This active backtranslocation proposed here could be a general mechanism for regulating transcription and transcription-related processes. contacts with several structural domains that form the RNA exit channel ( Fig. 2 A and C): the RapA NTD interacts with the β′ zinc-binding domain (ZBD); the CTD of RapA interacts with both the C-terminal helix of the ω-subunit and the N terminus of the β′ subunit; the 2A/2B lobe makes contacts with the β-flap domain and the 163-168 loop of the α I subunit; and most significantly, the spacer domain of RapA is inserted into the RNA exit channel and makes contacts with the dock and ZBD domains of the β′ subunit and the flap domain of the β-subunit (Fig. S3) .
Unlike the RNAP holoenzyme, in which the RNA exit channel is completely blocked by the σ 3.2 linker of the σ-factor (19-21), the RapA-RNAP core complex exhibits an RNA channel that is narrowed by the insertion of the RapA spacer domain that partially blocks the RNA channel at the exit (Fig. 2D ). The association of RapA with RNAP extends its RNA channel, which appears to exit at the groove space between the ZBD and the N terminus of the β′ subunit. The remodeled RNA exit channel cannot accommodate an RNA hairpin inside the channel (Fig. S3 ). Consistent with this structural remodeling of the RNA exit channel, it was shown in an in vitro assay that the transcription termination efficiency at a hairpin-dependent terminator decreases in the presence of the RapA protein (22) , suggesting that RapA plays a role in regulating transcription termination at intrinsic terminators that form RNA hairpins.
dsDNA Binding and DNA Translocation of Swi2/Snf2 Translocases.
RapA binds both single-stranded (ss) and double-stranded (ds) polynucleotides and has a higher affinity for dsDNA (12) . Both the sequence and structure of the ATPase core of RapA are highly similar to those of the homologous Sulfolobus solfataricus Rad54 (ssRad54) DNA translocase (13, 17, 23) . A dsDNAbinding site could be identified on RapA by superposing the structure of the 1A domain of RapA onto the homologous domain of ssRad54 bound to dsDNA (23) (Fig. S4A) . A similar superposition was also made with the UvrD helicase in complex with DNA (24) (Fig. S4B) . As shown by aligning the corresponding 1A domains of ssRad54 and UvrD, single-stranded DNA binds to the UvrD helicase at the same site and in the same orientation as one of the dsDNA strands in the ssRad54 complex (Fig. S4C) . Based on the similarity of DNA recognition and RecA-like architectures between Swi2/Snf2 enzymes and DExx box helicases, an ATP-driven translocation mechanism was derived for the Swi2/Snf2 proteins (23) . According to this mechanism, dsDNA binds at the DNA-binding site of domain 1A before translocation. The binding of ATP rearranges domain 2A to push on the minor groove to advance dsDNA. Following DNA translocation, ATP hydrolysis relaxes the structure to allow rebinding of the enzyme at a new translocated DNA site. The displacement of the FTH, which interacts with both lobes of the ATPase core, may affect the dynamics of RapA conformational changes, and thus account for the change in ATPase activity of RapA upon its binding to RNAP.
Orientation of RapA Suggests Backtranslocation During Transcription.
In a RapA-associated transcription elongation complex (TEC) (Fig. 3) , the predicted dsDNA-binding site of RapA faces the upstream DNA of the complex. Taking into account the flexibility of the upstream DNA at the junction of the transcription bubble, it appears plausible that the upstream DNA of the TEC might swing to the dsDNA-binding site of RapA and form an elongation complex similar to the transcription initiation complex with upstream DNA bound to the C-terminal domain of the σ-factor (25) . In this elongation complex, RapA interacts with the upstream DNA on one side, and with the upstream RNA exiting the RNA channel on the other side. Based on the mechanism described above for the Swi2/Snf2 translocases, the binding of ATP and its hydrolysis may move the RapA protein away from the transcription bubble when it binds the upstream DNA; in other words, due to the association of RapA with RNAP, the upstream DNA would be pulled back into the transcription bubble. This ATP-dependent backward translocation would resemble the RNAP translocation facilitated by the UvrD helicase that allows DNA repair enzymes to gain access to sites of damage in transcription-coupled DNA repair (11), whereas it is directly opposite to the translocation mediated by the mutation frequency decline (mfd) gene product, another E. coli Swi2/ Snf2 dsDNA translocase that induces forward translocation of RNAP to rescue arrested and backtracked transcription elongation complexes or promote transcription termination (26, 27) .
Mechanism and Function of RapA in Transcription Regulation. The idea that RapA actively backtracks transcribing RNAP appears counterintuitive, because active backtracking is opposite to the forward translocation of normal transcription. Excessive backtracking is believed to be harmful to genome stability and appears to be suppressed via various mechanisms in cellular organisms (10) . However, compared with the typical transcription rate ) (12) is a much slower process. The relatively weak DNA affinity of RapA (K d ∼20 μM) (12) and the slow ATP hydrolysis implies that backtracking mediated by RapA is stochastic. During normal transcription elongation, the weak-DNA binding RapA might rarely have a chance to exert a force on the DNA, because the fast-moving RNAP would readily dissociate any accidentally associated RapA from the upstream DNA before RapA gets to hydrolyze an ATP. Active backtracking would become significant only when transcription is paused, a process that happens every few hundred nucleotides during transcription and is enhanced upon nucleotide misincorporation or by other signals (3). Although this ATPdriven backtranslocation is predicted to be a slow stochastic process, it would still be much more efficient than random walking when extensive backtracking is necessary. The ATP-driven backward translocation of RNAP can explain the in vitro ability of RapA bound to stalled RNAP to stimulate RNA synthesis (13, 15) (Fig. 4) . In the case of the accumulation of backtracked RNAP complexes due to insufficient RNA cleavage, continuous backtracking would release RNA through the secondary channel to recycle the enzyme, whereas for transcription stalled at hypertranslocated states, RNA synthesis might be able to resume as the RNA 3′ end is brought back to the RNAP catalytic center by the RapA-mediated backward movement. Even when strong secondary structures exist on the upstream RNA, the ATP-powered machinery may still be able to function like a helicase to unfold RNA structures as it translocates backward.
However, it might be worth noting that helicase activity has not been detected to date and is also not expected for the RapA protein alone. It is possible that RapA functions to reactivate RNA polymerases in vivo as well, although its role has not been established possibly due to existence of functionally redundant processes.
Backtranslocation as a General Mechanism of Transcription Regulation.
Cellular RNAPs translocate back and forth via a thermal ratchet mechanism (1, 28) , and external energy input is necessary to shift the thermodynamic equilibrium to favor translocation in either direction. When transcription is arrested in a sequence-specific manner or by other causes such as DNA lesions, the deadlock can be resolved by ATP-driven hypertranslocation or backtracking. Hypertranslocation, as exemplified by mfd (26) , terminates transcription, whereas backtracking, such as that shown recently for UvrD (11) , temporarily moves the RNAP away from the 3′ end of the growing RNA and would allow transcription to resume later. The ATP-driven process proposed here for RapA action also promotes translocation of RNAP in the reverse direction, which might be triggered by the ubiquitous transcriptional pausing. This process would not only be compatible with the RNA cleavage of backtracked residues, but would also be able to reverse hypertranslocation to reactivate transcription. It is conceivable that RapA could also function like the UvrD helicase to backtrack stalled RNAP in transcription-coupled DNA repair. It has been shown that an E. coli strain with a disruption of the rapA gene displays sensitivity to UV light (14) , although contradictory results have also been reported (29) . Considering the plethora of Swi2/Snf2 family transcription regulators in all cellular organisms (18) , active backward translocation, complementing the induced forward translocation, is likely a general mechanism for regulating transcription and transcription-related processes in both prokaryotes and eukaryotes.
Materials and Methods
Preparation of the RapA-RNAP Core Complex. The E. coli RNAP core enzyme and the N-terminal his-tagged RapA protein were overexpressed and purified separately as described (13, 21) . The purified RNAP core enzyme was mixed with an excess of RapA and loaded onto a Superdex G200 prep grade gel filtration column (GE Healthcare) equilibrated in the buffer (20 mM Tris pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 5 mM MgCl 2 ). The fractions containing the RapA-RNAP core complex were pooled and concentrated to around 20 mg·ml −1 .
Crystallization of the RapA-RNAP Core Complex. The core RNAP-RapA-DNA-RNA complex was formed by directly mixing the RapA-RNAP core complex with a threefold molar excess of the preformed DNA-RNA hybrid (DNA sequence: 5′-ACGACTGAGCCGATG-3′; RNA sequence: 5′-AUCGGCUCA-3′) at room temperature. This mixture was then used directly for crystallization at room temperature by vapor diffusion with 5.2% (wt/vol) PEG 3350, 50 mM MgCl 2 , and 100 mM Hepes pH 7.0. After crystals grew to full size for about a week, they were cryoprotected in mother liquor containing 30% (wt/vol) ethylene glycol before flash frozen in liquid nitrogen.
Data Processing and Structure Determination. X-ray diffraction data were collected at 100 K at the beamline X25 at Brookhaven National Laboratory. All data were integrated and scaled using IMOSFLM (30) and SCALA (31) . The crystal belongs to the centered monoclinic space group C2 with two copies of the complex per asymmetric unit. The structure of the core RNAP-RapA-DNA-RNA complex was solved by molecular replacement with PHASER (32) using structures of the core portions of the E. coli RNAP holoenzyme (21) and the RapA (13) protein as the searching models. Phases were improved by noncrystallographic symmetry (NCS) averaging between the two copies within the asymmetric unit using the program DM (33) in the CCP4 suite (34) . After building the DNA-RNA hybrid based on the unbiased average map in COOT (35) , translation, liberation, and screw rotation (TLS) and NCS restrained refinement were performed using REFMAC5 (36) to generate the final structural model. The structure was refined to a resolution of 4.7 Å (I/σ = 2) with an R work /R free of 0.273/0.369. Data collection and structural refinement statistics are summarized in Table 1 . All figures were created using PyMOL (37).
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